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A nest of long terminal repeat (LTR) retrotransposons (RTRs), discovered by LTR STRUC analysis, is near core genes encoding the
NPR1 disease resistance-activating factor and a heat-shock-factor-(HSF-) like protein in sugarbeet hybrid US H20. SCHULTE,a
10833bp LTR retrotransposon, with 1372bp LTRs that are 0.7% divergent, has two ORFs with unexpected introns but encoding a
reverse transcriptase with rve and Rvt2 domains similar to Ty1/copia-type retrotransposons and a hypothetical protein. SCHULTE
produced signiﬁcant nucleotide BLAST alignments with repeat DNA elements from all four families of plants represented in the
TIGR plant repeat database (PRD); the best nucleotide sequence alignment was to ToRTL1 in Lycopersicon esculentum.As e c o n d
sugarbeet LTR retrotransposon, SCHMIDT, 11565 bp in length, has 2561bp LTRs that share 100% identity with each other and
share 98-99% nucleotide sequence identity over 10% of their length with DRVs, a family of highly repetitive, relatively small DNA
sequences that are widely dispersed over the sugarbeet genome. SCHMIDT encodes a complete gypsy-like polyprotein in a single
ORF. Analysis using LTR STRUC of an in silico deletion of both of the above two LTR retrotransposons found that SCHULTE and
SCHMIDT had inserted within an older LTR retrotransposon, resulting in a nest that is only about 10Kb upstream of NPR1 in
sugarbeet hybrid US H20.
Copyright © 2009 David Kuykendall et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
1.Introduction
Retrotransposons are now recognized as movers and shapers
of plant genome evolution (see reviews [1, 2]). That
retrotransposon elements account for much of the sugarbeet
(Beta vulgaris L.) genome was shown by the identiﬁcation
[3]o fr e p e t i t i v eD N As e q u e n c e si nBeta vulgaris similar
to long interspersed nuclear elements (LINEs), a type
of retrotransposon without long terminal repeats (LTRs),
and other repetitive DNA sequences that resembled LTR
retrotransposons of the Ty1-copia class. A repeated DNA
sequence in Beta procumbens was described as “Athila-like”
[4] since it was deduced to be part of a long terminal
repeat with similarity to the Athila retrotransposon from
Arabidopsis.
Prior to the present study, pDRV sequences [5]w e r e
known simply as a family of short highly ampliﬁed DNA
repeats shown by ﬂuorescent in situ hybridization (FISH)
technique to be widely dispersed over all 18 chromosomes
of sugarbeet.
Vulmar1, a mariner-class DNA transposon in Beta vul-
garis [6], is 3909bp, has 32bp terminal inverted repeats, and
encodes, in a single ORF, a transposase with a characteristic
“DDE” signature motif. Polymerase chain reaction (PCR)
and ﬂuorescent in situ hybridization (FISH) were used [6]
to identify and to establish an abundance of En/Spm-like
transposons in sugarbeet.
Coe1, aDNA transposonwithinapparent LTRsandother
retrotransposon-like features, was discovered on a sugarbeet
genomic BAC carrying the NPR1 disease resistance-priming
gene [7–9]. This recent discovery in Beta vulgaris of a unique
16.3Kb CACTA En/Spm-like transposon named Coe1 [7]
was followed by the ﬁnding of conserved microsynteny of
NPR1 with another core plant gene whose predicted product
has high similarity to a DNA-binding HSF protein [8].
About 70Kb of repetitive DNA separates the HSF gene and2 International Journal of Plant Genomics
NPR1 f r o ma n o t h e rs m a l lc o r eg e n ec l u s t e rw i t haCaMP
gene specifying a signal peptide calmodulin-binding protein
and a gene encoding a CK1-class protein kinase gene [8],
greatlyextendinganddisambiguatingtheresultsoftheinitial
sequencing and partial in silico analysis of an NPR1 gene-
carrying sugarbeet BAC [9]. In summary, our laboratory
has identiﬁed, sequenced, and annotated a bacterial artiﬁcial
chromosome (BAC) carrying the NPR1 disease resistance
priming gene of sugarbeet, Beta vulgaris L. [7–9].
Class I transposable elements which use reverse tran-
scriptase to transpose via an RNA intermediate are termed
retrotransposons. In order to identify possible LTR retro-
transposons with LTRs, an intergenic region of repetitive
DNA was examined by LTR STRUC analysis, and this report
details the discovery of a nest of retrotransposons about
10Kb upstream from the NPR1 disease resistance gene in
sugarbeet H20. This nest appears to have formed when both
a copia-type and a gypsy-type elements inserted within an
older LTR retrotransposon. Two full-length sugarbeet LTR
retrotransposons are described herein for the ﬁrst time.
2.MaterialsandMethods
Identiﬁcation of a sugarbeet BAC carrying the NPR1 disease
resistance control gene was described [9]. Genbank acces-
sion DQ851167 represents a partial sequence; the 38.6Kb
segment was the largest contig at that time. Subsequently
the entire 130Kb contiguous fragment was sequenced and
annotated (Genbank accession EF101866). Basic methods
used for DNA sequence analysis were described [9], and con-
struction of the BAC library was detailed [10]. In the present
study, LTR analyses of the NPR1 BAC were performed using
LTR STRUC [11], and LTR Finder [12]. Programs, einverted
[13]( http://bioweb.pasteur.fr/seqanal/interfaces/einverted),
and EMBOSS (http://emboss.sourceforge.net/)[ 13]w e r e
used to identify inverted repeats, and repeats were also found
using NCBI BLAST (http://www.ncbi.nlm.nih.gov/BLAST/).
An EST database for sugarbeet (http://genomics.msu.edu/
sugarbeet/blast.html) was employed for both nucleotide
and protein BLAST to explore possible functional gene
expression [14]. Subsequent analysis of DNA sequence
data was performed using Lasergene version 6 (DNASTAR,
Madison, Wis, USA). BLAST was used to identify the most
similar protein products of LTR retrotransposons in other
plant species. Multiple alignments were performed using
MegAlign from the DNASTAR suite. Neighbor joining tree,
or cluster analysis, was performed using MEGA 4 software
(http://www.megasoftware.net/).
3. Results andDiscussion
Ag e n o m i cNPR1 disease resistance priming gene-carrying
BAC [7–9]w a ss u b j e c t e dt oL T RSTRUC and LTR FINDER
analyses, and two distinct full-length LTR retrotransposons
were identiﬁed (Figure 1). Depicted are RTR1 and RTR2,
two LTR retrotransposons that we also term SCHULTE and
SCHMIDT, respectively, as well as a previously described
element, Coe1, a DNA transposase gene within apparent
LTRs and other retrotransposon-like features [7]. These
repetitive DNA elements are intergenic, between two small
clusters of core genes: HSF and NPR1 genes separated
from CaMP and CK1PK genes encoding a signal peptide
calmodulin-binding protein and a “casein kinase 1-class
protein kinase,” respectively.
SCHULTE, a 10833bp long LTR retrotransposon, has
1372bp LTRs sharing only 99.3% nucleotide sequence
identity. The 0.7% divergence in the LTRs of SCHULTE
indicates about ten base substitutions occurred since inser-
tion/transposition. This old, somewhat degraded retro-
transposon has two ORFs encoding a Ty1/copia-like inte-
grase/reverse transcriptase and a hypothetical protein
(Figure 2). Unexpected introns, uncharacteristic of retro-
transposon genes, may be the result of frameshifts and point
mutations. SCHULTE has 98% nucleotide sequence identity
over ≥9Kb with a 9.7Kb DNA fragment (DQ374026)
and 1.3Kb of a 5.3Kb DNA fragment (DQ374025), each
fragment of BAC62 [14]. BAC62 carries a Beta vulgaris L.
genomic region adjacent a Beta procumbens translocation
carrying a nematode resistance gene [15], thus BAC62 has
a SCHULTE-like retrotransposon.
Named to honor an author of the ﬁrst-described physical
map of the afore-mentioned region, SCHULTE is the ﬁrst
full-length retrotransposon sequence from Beta vulgaris to
be reported. Since two out of the three B. vulgaris BACs
sequencedtodate,BAC62andtheNPR1-carryingBAC,carry
aSCHULTE-likeelement,therearelikelyaverylargenumber
of SCHULTE-like LTR retrotransposons in the sugarbeet
genome. However, FLC, or the ﬂowering control gene-
carrying BAC [16], did not carry a SCHULTE-like element.
SMART analysis showed that the predicted product of
the SCHULTE reverse transcriptase gene has rve and Rvt2
protein domains. An alignment by MegAlign of the con-
served rve and Rvt2 (Figure 3) domains of similar Ty1-copia-
like plant retrotransposon-encoded proteins, identiﬁed by
BLAST, were analyzed by neighbor joining in MEGA 4 to
assessstructuralrelatedness(Figure 4).AsshowninFigure 3,
the predicted product of the Beta vulgaris SCHULTE reverse
transcriptase gene has conserved rve and Rvt2 domains
shared among highly similar domains of products of LTR
retrotransposons from Medicago truncatula, Vitis vinifera,
Oryza sativa japonica, Zea mays, and Glycine max.E x c e p t
for the Solanum demissum and Vitis vinifera accessions, the
Rvt2 domain evidently has a conserved YVDDIIF active site
(Figure 3).
Similar LTR retrotransposon gene products in Ara-
bidopsis thaliana, Solanum demissum, and particularly in
Phaseolus vulgaris are structurally divergent (Figures 3 and
4). A search of the TIGR plant repeat database revealed
that SCHULTE produced nucleotide sequence matches with
many diﬀerent copia-like retrotransposons in all four fam-
ilies: Brassicaceae, Fabaceae, Gramineae, and Solanaceae.
The best PRD nucleotide sequence alignment match (E =
3.8e−232)w a st oToRTL1 in Lycopersicon esculentum.
Probable expression of integrase/reverse transcriptase
gene(s) in active SCHULTE-like retrotransposon was shown
by BLAST alignment (E = 0.0) of the ORF with BI643218,
an EST, or expressed sequence tag. Expression of both LTRsInternational Journal of Plant Genomics 3
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Figure 1: BAC physical map showing two LTR retrotransposons SCHULTE and SCHMIDT both highlighted in green and with darker green
LTRs with rounded corners. On the other hand, the previously reported CACTA transposon Coe1, highlighted in light beige, has short tan
LTRs, a yellow DNA transposase gene and orange ORF1 and ORF2. Exons are rectangles, and direction of arrows indicates direction of
transcription. Exons of core plant genes are blue, and exons of hypothetical protein genes are red. Solid lines between exons depict introns.
Scale is in 2Kb increments. BAC is about 130 kilobase pairs. SCHULTE has an integrase gene in orange and a hypothetical gene in red.
SCHMIDT has a single ORF retroelement reverse transcriptase polyprotein gene in orange.
was clearly evidenced by alignments, E = 0.0, with ESTs
BI698297 and BI698341. Four other ESTs showing some
alignment (E = e−151 to E = 9e−36) also suggest other likely
active SCHULTE-like elements.
Another LTR retrotransposon discovered using
LTR STRUC and LTR FINDER, SCHMIDT was so named
to honor a pioneering researcher of repeat DNA elements
in Beta. SCHMIDT,1 1 5 6 5 b pr e t r o e l e m e n t ,e n c o d e sa
complete Ty3-gypsy-class polyprotein in a single ORF
without introns. The SCHMIDT reverse transcriptase gene
has all of the domains expected of an intact retroelement
polyprotein, and the domain order is indicative of Ty3-
gypsy-class. SCHMIDT has 2561bp LTR sequences with
100% identity, consistent with this transposable element still
being active.
EMBOSS analysis of the 130Kb NPR1-carrying sugar-
beet BAC revealed the presence of at least 24 inverted repeat
(IR) sequences but, for the purposes of this report, let us4 International Journal of Plant Genomics
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Figure 2: A detailed schematic of Beta vulgaris retrotransposons SCHULTE and SCHMIDT in red. Various numbered inverted repeat (IR)
sequences in either light or dark blue or violet have arrows indicating relative direction. Green lines show the location of the DNA sequence
motif CACTATAA. Heavily dotted ovular regions depict the size and position of the LTRs. The lightly dotted region shows the size of the
whole retroelement. A green box shows the location of the polymerase binding site. Boxes show the position and size of exons. Lines between
exons indicate introns. A centrally located small yellow box depicts the active site of the retroelement. An orange box shows the location of
the polypurine tract. Scale is in Kb and is located underneath the illustrations in increments of 2Kb per tick. Names of putative genes are
located above the illustrations.
describe only those inverted sequences associated with LTR
retrotransposons SCHULTE and SCHMIDT. The following
two pairs of IR 8/21 inverted repeat sequences are associated
with SCHULTE (Figure 2). The IR 8/21 inverted repeat
sequences share 94% identity (18/19).
35690 cttagtttgtacctttgtt 35708
|||||||||| ||||||||
35781 gaatcaaacaaggaaacaa 35763
26302 aacaaaggaacaaactaag 26320
|||||||| ||||||||||
35708 ttgtttccatgtttgattc 35690
The following pair of IR 22 inverted sequences, associated
with SCHULTE (Figure 2), are 9.5Kb apart and share 80%
identity (shown below), but this pair of IR 22 are also direct
repeats with 96% identity.
26751−> 26786
aaaaagaaaatctgttttggaaaagattttattttt
||||| ||||||| || | || ||||||| |||||
tttttattttagaaaagattttgtctaaaagaaaaa
36247 <−36212
SCHMIDT has a pair of inverted repeat IR 9 sequences
upstream of the single reverse transcriptase polyprotein gene
and just downstream of polymerase binding site (Figure 2).
These IR 9 inverted repeat sequences share 100% identity
(23/23) and contain only nucleotides A and T.
46146 aaaatttttttttttttttttta 46168
|||||||||||||||||||||||
46331 ttttaaaaaaaaaaaaaaaaaat 46309
Over about one-tenth of their length, each LTR sequence
of SCHMIDT shares 97% nucleic acid sequence identity
with pDRV,af a m i l yo fBeta vulgaris short repeated DNA
sequences known as rich in DraI (TTTAAA) restriction
enzyme recognition sites [5]. For example, eight DraI sites
are carried by pDRV1, a 434bp repeated sequence [5].
Each LTR of SCHMIDT has 10 DraI sites, and the full-
length SCHMIDT retrotransposon has twenty-four DraI
(TTTAAA) sites. Perhaps pDVR conserved sequences were
originally a preferred recognition site for insertion; they
seem to have evolved into an integral part of the LTRs of
SCHMIDT-like retrotransposons. In any case, the observed
high degree of nucleotide sequence identity that the LTRs
of SCHMIDT have with pDRVs, highly reiterated sequences
richinnucleotidesAandT[5],isveryinterestingsincepDRV
repeat sequences,originally visualizedby FISH, are dispersed
over all 18 sugarbeet chromosomes [5].
Figure 5 shows results of alignment by MegAlign of
conserved rve and Rvt1 domains of the protein products
from SCHMIDT-like plant retrotransposons identiﬁed by
BLASTp from various plant species, and Figure 6 shows a
neighborjoininganalysistreebyMEGA4showingstructural
relatedness. A highly conserved FIDDILI active site in the
Rvt1 domain is noted in particular (Figure 5). The predicted
SCHMIDT reverse transcriptase polyprotein gene product
shows high structural similarity with a conserved region
of proteins encoded by similar LTR retrotransposons from
Cicer arietinum, Medicago truncatula, Oryza sativa japon-
ica, Sorghum bicolor,a n dZea mays AAL59229. Somewhat
similar LTR retrotransposons from Glycine max, Primula
vulgaris, Vitis vinifera, Solanum demissum, Hordeum vulgare,
and Zea mays AAM94350 produce structurally divergent
products (Figure 6). Against the TIGR plant repeat database,
SCHMIDT produced good, E ≤ e−50,B L A S Tn u c l e o t i d eInternational Journal of Plant Genomics 5
STTKPLELIHIDLCGPM RIQSRSGKRYVLVIVDDYSRYT W VIFLSSKDETYDEFLVFAKRVQNLSGHKIM HIRSDHGKEFENYKFDDLSRDNGLDHNFSAPRTPQQNGVVERKNRTLEEM Beta vulgaris ABM55238         1
STSRPLELLH M DLFGPSRTPSLGGKSYAYVIVDDFSRYT W VLFLSQKSEAFYEFSKFCNKVQNEKGFSITCIRSDHGREFENFDFEEYCNKHGIN HNFSAPRTPQQNGVVERKNRTLQEM Vitis vinifera CAN74951        1
STSRPLELLHIDLFGPVNTASLYGSKYGLVIVDDYSRWTW VKFIKSKDYACEVFSSFCTQIQSEKELKILKVRSDHGGEFENEPFELFCEKHGILHEFSSPRTPQQNGVVERKNRTLQEM Medicago truncatula ABD32582   1
M TDAPGQLLH M DTVGPAKVQSIGAK W YVLVIVDDFSRYSW VFFM ATKDEAFKHFRGLFLQLELEFPGSLKRIRSDNGGEFKNASFEQFCNERGLEHEFSSPRVPQ Q NGVVERKNCVFVEM Oryza sativa japonica AAR87335 1
TTDRPLELLH M DLFGPIAYISIGGSKYCLVIVDDYSRFT W VFFLQEKSQTQETLKGFLRRAQNEFGLRIKKIRSDNGTEFKNSQIESFLEEEGIKHEFSSPYTPQQNGVVERKNRTLLD M Zea mays ABF67921              1
TTSRVLELLH M DLM GPM QVESLGGKRYAYVVVDDFSRFT W VKFIREKSETFEVFKELSLRLQREKDCVIKRIRSDHGREFENSRLTEFCTSEGITHEFSAAITPQQNGIVERKNRTLQEA Glycine max AAO73521           1
RAQKPLELIHTDVCGPIKPKSLGKSNYFLLFIDDFSRKT W VYFLKEKSEVFEIFKKFKAHVEKESGLVIKTM RSDRGGEFTSKEFLKYCEDNGIRRQLTVPRSPQQNGVAERKNRTILEM Arabidopsis thaliana AAG50698  1
RA N Q KLQ LIH T D V C G PIKT DSLSG N KYFLLFID D YTR M C W VYFIRLKSEVFD VFK Q FKALVEN Q C N LRIKALRSD N G G E H TSFQ FVEFC N ST CIEC Q LTLPYTPQ Q N G VSER K N RT V M E M Solanum demissum AAT38797      1
KCDKI LGLIHTDLADLKQTMSRGGKNYFVTFIDDFSRYTKVYLIKHKDEAFDMFLTYKAEVENQLNKKIKRIRSDRGGEYV- -LFNDYCVKEGI IHEVTPPYSPESNGVAERKNRTLKEM Phaseolus vulgaris AAR13298    1
SGTMLIASELPRNFW AEAVNTACHI INRA M M RPI INKTPYELYF Beta vulgaris ABM55238         121
ARTMLNENNLPKYFWAEAVNTSCYVLNRI LLRPI LKKTPYELWK Vitis vinifera CAN74951        121
ARTMIHENNLAKHFWAEAVNTSCYIQNRI YIRPMLEKTAYELFK Medicago truncatula ABD32582   121
ARTMLDEYKTPRKFWTEAINTACYI LNRVFLRSKLGKTSYELRF Oryza sativa japonica AAR87335 121
ARTMLDEYKTPDRFW AEAVNTACYAINRLYLHRILKKTSYELLT Zea mays ABF67921              121
ARVMLHAKELPYNLWAEAMNTACYIHNRVTLRRGTPTTLYEIWK Glycine max AAO73521           121
ARSMLKSKRLPKELW AEAVACAVYLLNRSPTKSVSGKTPQEA WS Arabidopsis thaliana AAG50698  121
ARCLLLERKI PNQFLAEAINTSVYLLNRLPTKALQDMTPYEAWC Solanum demissum AAT38797      121
MNAML I S S NA PDNLWGE S L L TAC F L QNR I PHR - KTGKT P Y E LWK Phaseolus vulgaris AAR13298    119
-------------- W R L Q K S H P V ELIIS-------------D ISK-------------------------A R LE AIRILIA FA A Y M G F K LY Q M D V K C A FL N G Y L N E D V Y V E Q PP G FE N N N Beta vulgaris ABM55238         1
- STIHKIKSLKCKYGELVPRPSNQSVIGTKWVFRNKMDENGI IVRNKARLVAQGYNQEEGIDYEETFAPVARLEAIRMLLAFACFKDFI LYQMDVKSAFLNGFINEEVYVEQPPGFQSFN Vitis vinifera CAN74951        1
AMQEELNQFQRNDVWDLVPKPSQKNI IGTKWVFRNKLNEQGEVTRNKARLVAQGYSQQEGIDYTETFAPVARLEAI RLLLSYAINHGI I LYQMDVKSAFLNGVI EEEVYVKQPPGFEDLK Medicago truncatula ABD32582   1
A M H EELE N FE R N K V W T L V EPPF G H N IIG T K W V F K N K Q N E D G LIV R N K A R L V A Q SFT Q V E G L D F D E T FA H V A RIE AIK LLL-----------------A FL N G FIQ EE V Y V K Q SP G FE N P D Oryza sativa japonica AAR87335 1
AMQEELNNFTRNEVW HLVPR- PNQNVVGTKWVFRNKQDEHGVVTRNKARLVAKGYSQVEGLDFGETYAPVARLES I RI LLAYATYHGFKLYQMDVKSAFLNGPIKEEVYVEQPPGFEDSE Zea mays ABF67921              1
AMQEELEQFKRNEVWELVPRPEGTNVI GTKWI FKNKTNEEGVI TRNKARLVAQGYTQI EGVDFDETFAPVARLES I RLLLGVACI LKFKLYQMDVKSAF LNGYLNEEVYVEQPKGFADPT Glycine max AAO73521           1
AMDEEIKS IQKNDTWELTSLPNGHKAIGVKWVYKAKKNSKGEVERYKARLVAKGYSQRAGIDYDEVFAPVARLETVRLI I SLAAQNKWKIHQMDVKSAFLNGDLEEEVYI EQPQGYIVKG Arabidopsis thaliana AAG50698  1
A M Q D EL D VIK K N G T W Q L V D R P---------------R N C K------------------------E T FA P V A R Y D TIK LIL A FA S H SS W Q IH Q L D V K SA FL N SLL A EEIY V E Q P D G FSIP G Solanum demissum AAT38797      1
AIKTELESIKK N N T W TLV DLPKG AKPIG CK W IFKKKYHPD GSIEKYKARLVAKGFTQ K H NIDYFDTFAPVTRISSIRVLLALASIH KLVIH Q M D VKTTFLN GELEEEIY M TQPEG CVVLG Phaseolus vulgaris AAR13298    1
LPN HVYKLDKALYGLKQAPRSW YERLSKFLLEN NFKRGKVDKTLFLKSKGTDILLVQIYVDDIIFGATNETLCKEFSRLVSNEFEMSM M GELNFFLGLQIKQTEKGIIVH Q QKYIKELLK Beta vulgaris ABM55238         69
FP N H V F K L K K A LY G L K Q A P R A W Y E R L--------------------------------------------N ----FSK C M H SEFE M S M M G EL N Y FL G L Q IK Q L K E G T FIN Q A K YIK D LL K Vitis vinifera CAN74951        120
HPDHVYKLKKSLYGLKQAPRA W YDRLSNFLIKNDFERGQVDTTLFRRTLKKDILIVQIYVDDI IFGSTNASLCKEFSKLM QDEFEMSM M GELKFFLGIQINQSKEGVYVHQTKYTKELLK Medicago truncatula ABD32582   121
FPNHVFKLSKALYGLKQAPRAW YDRLKNFLLAKGFTM GKVDKTLFVLKHGDNQLFVKIYM DDI IFCCSTHALVVDFAEN MRREFEMSM M GELSYFLGLQIKQTPQGTFVHQTKYTNDLLR Oryza sativa japonica AAR87335 104
YPNHVYRLSKALYGLKQAPRA W YECLRDFLIANGFKVGKADPTLFTKTLENDLFVCQIYVDDI IFGSTNESTCEEFSRIMTQKFEMSM M GELKYFLGFQVKQLQEGTFISQTKYTQDILA Zea mays ABF67921              120
HPDHVYRLKKALYGLKQAPRA W YERLTEFLTQQGYRKGGIDKTLFVKQDAENLMIAQIYVDDIVFGG MSNEMLRHFVQQ M QSEFEMSLVGELTYFLGLQVKQ MEDSIFLSQSRYAKNIVK Glycine max AAO73521           121
EEDKVLRLKKALYGLKQAPRA W NTRIDKYFKEKDFIKCPYEHALYIKIQKEDILIACLYVDDLIFTGNNPSMFEEFKKEM TKEFEM TDIGLMSYYLGIEVKQEDNGIFITQEGYAKEVLK Arabidopsis thaliana AAG50698  121
K E D Q V Y LLT K A LY G L K Q SP R A W Y E R M D N H LIQ L G FSRS Q SE A T LY V K V T----------------A G SKIELIQ R F K D E M E KIFE M T D L G V M K Y FL G M E V L Q SS D G IFIC Q Q K YIL D IL N Solanum demissum AAT38797      82
QKEKVCKLLKSLYGLKQAPKQ W HEKLDNVLLCEGFSTNDADKCVYSRSENGEYVI ICLYVDD MLIFGTCNDIVFKTKLFLGSKFEM KD M GEASVILGVKI IRKGDSILLSQEKYTEKLLK Phaseolus vulgaris AAR13298    121
KYGLENSKINHTPMGTS Beta vulgaris ABM55238         189
RFN MEEAKVM KTPMSSS Vitis vinifera CAN74951        192
KFKLEDCKVM NTPM HPT Medicago truncatula ABD32582   241
RFKMENCKPISTPIGST Oryza sativa japonica AAR87335 224
KFG MKDAKPIKTPMGTN Zea mays ABF67921              240
KFG MENASHKRTPAPTH Glycine max AAO73521           241
KFKM DDSNPVCTPMECG Arabidopsis thaliana AAG50698  241
RFK M Q DCKPVSTPISTG Solanum demissum AAT38797      186
KFGYYDFKSVSTPYDAN Phaseolus vulgaris AAR13298    241
Figure 3: Amino acid residue alignment of SCHULTE’s integrase (top) and reverse transcriptase (bottom) domains. The active site of
the RT domain from Beta vulgaris is boxed in along with corresponding sections of other reverse transcriptase proteins from diﬀerent
plants. Amino acids matching the consensus sequence are shaded. Numbers indicate cumulative amino acid positions; Arabidopsis thaliana
(AAG50698), Beta vulgaris (ABM55238), Glycine max (AAO73521), Medicago truncatula (ABD32582), Oryza sativa japonica (AAR87335),
Phaseolus vulgaris (AAR13298), Solanum demissum (AAT38797), Vitis vinifera (CAN74951), Zea mays (ABF67921).
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Figure 4: Similarity tree constructed by neighbor joining method of the reverse transcriptase domain of SCHULTE from Beta vulgaris
along with corresponding domains of other reverse transcriptase proteins from diﬀerent plants. The numbers on the branches are bootstrap
(conﬁdence) values. Genbank accession numbers of amino acid sequences are given following plant names.
sequence identity which matches primarily with Prem1-
and Xilon1-like gypsy-like RTRs in Zea, Oryza, Sorghum,
and Triticum. This ﬁnding suggests divergent evolution,
where a SCHMIDT-like ancestor originated in monocots,
then, upon lateral transfer to sugarbeet, natural selection
for structural similarity or convergence in a new genetic
background resulted in a high degree of amino acid
similarity of the protein product with other gypsy-like
retrotransposons in eudicots. The predictions of conver-
gent evolution are structurally similar proteins encoded by
phylogenetically distinct retrotransposons. Whether similar
sequences arose through convergent or divergent evolu-
tion, it is interesting to simply note that SCHMIDT has
a signiﬁcant degree of nucleotide sequence identity pri-
marily with certain gypsy-like retrotransposons found in
monocots.
Expression of retroelements similar to SCHMIDT in
sugarbeets is suggested by the ﬁnding that SCHMIDT
gave BLAST alignments with the following ESTs: BI643170,
BI643158, BI698360, and BI643246 (E = 10
−161,3 E = 10
−79,
E = 10
−68,a n d5 E = 10
−59, resp.). These four BLAST hits
represent only about 0.02% of the ESTs in the collection.6 International Journal of Plant Genomics
1 -----------SP W G A P V L------F V K K K D G S- M R L CID Y R EL N N V TIK N K Y PLP RID D LF D Q L N G A SV FSKID L RSG Y H Q L R V A D K D V P K T A FR T R Y G H Y EFT V M PF G LT N A P AIF M D Beta vulgaris ABM55240        
1 -----------SP W G A P VI------F V E K K D H T-Q R M C V D Y R A L N E V TIK N K Y PLP RID D LF D Q LE G A T V FSKID L RSG Y H Q L RIR EE D IP K T A FT T R Y G LFE C T V M SF G LT N A P A FF M N Oryza sativa japonica ABA92233
1 -----------SP W G A P VI------F V D K K D G S-Q R M C V D Y RSL N E V TIK N K Y PLP RID D LF D Q L R G A C V FSKID L RSG Y H Q L KIR N S D IP K T A FT T R Y G LY E Y T V M SF G LT N A P A Y F M Y Sorghum bicolor AAD22153      
1 -----------SP W G A P V L------F V N K K D G S-R R M C V D Y RSL N E V TIK N K Y PLP RIE D LF D Q M K G A K V FSKID L RSG Y H Q L KIR A E D V P K T A FT T R Y G LY EFL V M SF G LT N A P A Y F M N Zea mays AAL59229             
1 -----------SPFSLPIL------L V K K K D G S- W R F C T D Y R A L N AIT V K D SFP M P T V D ELL D EL H G A Q Y FSK L D L RSG Y H Q IL V Q PE D R E K T A FR T H H G H Y E W L V M PF G LT N A P A T F Q C Glycine max AAO23078          
1 -----------SPFSSP VI------L V K K S D G S- W R M C V D Y R A L N K V TIK D K FPIP V V D ELL D EL N G A K LFSK L D L RSG Y H Q IK M H A N D V SK T A FR T H E G Q Y EFL V M PL V LT N A P A T F Q S Primula vulgaris ABD78322     
1 -----------SP C G V P A L------LT P K K D G S- W R M C V D SR AIN KITIK Y R FPIP R L D D M L D M M V G SVIFSKID L RSG Y H Q IRIR P G D E W K T SF K T K D G LY E W L V M PF G LT N A PST F M R Vitis vinifera CAN79321       
1 -----------SP C SV P V L------L V P K K D G T- W R M C V D C R AIN KIT V K Y R H PIP R L D D M L D Q L C G SKIFSKID L K SG Y H Q IR L N P G D E W K T A F K T K Y G LY E W L V M PF G LT N A PST F M R Solanum demissum AAW28577     
1 -----------SP C A V PII------L V P K K D G T-SR M C V D C R GIN N ITIR Y R H PIP R L D D M L D ELSG SIIFSK V D L RSG Y H Q IR M K L G D E W K T A F K T K F G LY E W L V M PF G LT N A PST F M R Hordeum vulgare AAK94517      
1 -----------SP C A V P VI------L V P K K D G T- W R M C V D C R AIN N ITIR Y R H PIP R L D D M L D ELSG AIV FSK V D L RSG Y H Q IR M K L G D E W K T A F K T K F G LY E W L V M PF G LT N A PST F M R Zea mays AAM94350             
1 ---------V P K K SGIT VIQ N E A N ELIP T RIQ T G W R V CID Y R K L N L A T R K D H FPLPFID Q M LE R L A G H EFY C FL D G YSG Y N Q IPIA PE D Q E K T T FT C P Y G T FA Y R R M PF G L C N A P A T F Q R Asparagus officinalis ABD63142
1 STWVSPVHYVPKKGGMTVVKNSKDEL I PTRTTTGHRMCIDYRKLNAASRKDHFPLPF IDQMLERLANHPYYCFLDGYSGFFQI PIHPNDQEKTTFTCPYGTFAYKRMPFGLCNAPATFQR Arabidopsis thaliana BAB10790 
103 LMNRI FHEFLDKFVVVF IDDI L I YSRNETEHDEHLRI I LETLRKNQLYAKFSKCEFRLEKVAFLGHFV Beta vulgaris ABM55240        
103 LMNKVFMEYLDKFVVVFIDDILIYSKTKEEHEEHLRLALEKLREHQLYAKFSKCEFWLSEVKFLGHVI Oryza sativa japonica ABA92233
103M M NKVFMEYLDKFVVVFIDDILVFSKTKEEHAEHLRLVLQKLREHKLYAKRSKCEFWLEEVSFLGHVV Sorghum bicolor AAD22153      
103 LMNKVFME Y LDQF VVVF I DD I L I Y S S NE EAHEDHL RLVLQKL RDNQL YAKF S KCDFWLKEVAF LGHI V Zea mays AAL59229             
103 LM NKIFQFALRKFVLVFFDDILIYSASW KDHLKHLESVLQTLKQHQLFARLSKCSFGDTEVDYLGHKV Glycine max AAO23078          
103 AMNSVFKPFLENLCLFFFDDI LVYSKTNDEHICHLEAVLKKMSEHKFFAKSSKCKFFQKEIDYLGHL I Primula vulgaris ABD78322     
103 I MTQVLKP F I GRF VVVY FDD I L I Y S R S CEDHE EHLKQVMRTL RAEKF Y I NLKKCTFMS P S VVF LGF VV Vitis vinifera CAN79321       
103 LM NHVFKDFHGKFIVVYFDDILIFSQNLDEHLEHLKKVFEVLRNQRLFANLKKCTFCVDRVVFLGFVV Solanum demissum AAW28577     
103 LM NEVLRAFIGRFVVVYFDDILIYSRSLEDHLDHLRAVFTALRDARLFGNLGKCTFCTDRVSFLGYVV Hordeum vulgare AAK94517      
103 LMNEVL RAF I GKF VVVY FDD I L I Y S K SMDEHVDHMRAVFNAL RDARL F GNL EKCTF CTDRVS F LGYVV Zea mays AAM94350             
112CMI SIFSDMVERFLEIFM DDFSIFGDTFSQCLHHLKLVLERCREKNLTLN WEKCHFMVKQGIVLGHVV Asparagus officinalis ABD63142
121CMTSIFSDLIEEMVEVFM DDFSVYGSSFSSCLLNLCRVLKRCEETNLVLN WEKCHFMVREGIVLGHKI Arabidopsis thaliana BAB10790 
1 VPEW KW DSI SM DFVTSLPNTPRGNDAIW VIVDRLTKSAHFLPINI SFPVAQLAEIYIKEIVKLHGVPSSIVSDRDPRFTSRFW KSLQEALGSKLRLSSAYHPQTDGQSERTIQSLEDLLR Medicago truncatula ABO81153  
1 I PEWKWDS I SMDF I TGLPKTRRKNDS IWVIVDRLTKSAHFLPVRTTYKVDQLTEI YI AEIVRLHGVPSS IVSDRDPKFTSHFWGALHEALGTKLRLSSAYHPQTDGQTERTNQSLEDLLR Cicer arientinum CAC44142     
1 VPGWKWDS I SMDFVTALPKSRSGNDTIWVIVDRLTKSAVF I PIKETWKKKQLATTYIKHVVRLHGVPKDI I SDRDSRFLSKFWKKVQANLGTTLKMSTAFHPATDGQTERTNQTMEDMLR Beta vulgaris ABM55240        
1 I PEWKWEEIGMDF I TGLPRTSAGHDS IWVVVDRLTKVAHF I PVKTTYTGNKLAELYMARVVCLHGVPKKIVSDRGSQFTSKFWQKLQLEMGTRLNFSTAYHPQTDGQTERINQI LEDMLR Oryza sativa japonica ABA92233
1I P E W K W E E V G M D F I V G L P R T Q R G Y D S I W V I V D R L T K V A H F I P V K T S Y S G D R L A E L Y M E R I V C L H G V P K K I V S D R G T Q F T S H F W K A V H D S L G T K L N F S T A Y H P Q T D G Q T E R I N Q I L E D M L R Sorghum bicolor AAD22153      
1 VPEW K W EEISM DFIVGLPRTRDGYDSIW VIVDRLTKVAHFIPVKTTYSGAQLAELYMSRIVCLHGVPKKIVSDRGTQFTSRFW KRLHESM DTKLNFSSAYHPQTDGQTERTN QVLED MLR Zea mays AAL59229             
1 IPQQV WEDVAM DFITGLPNS-FGLSVIM VVIDRLTKYAHFIPLKADYNSKVVAEAFMSHIVKLHGIPRSIVSDRDRVFTSTFW QHLFKLQGTTLAMSSAYHPQSDGQSEVLNKCLEMYLR Glycine max AAO23078          
1M PEQT W SEISM DFINGLPTS-KNYNCIW VVVDRLTKYAHFIPLKHPFGAKELANEFLQ NIFKLHGLPKKIISDRDTIFTSDFW KELFHLLGTKLLLSTAFHPQTDGQTEIVNKSLETYLR Primula vulgaris ABD78322     
1V PSK P W E D LS M D F V L G LP R T Q R G F D SIF V V V D R FSK M A H FIP C K K A S D A SY V A A LFF K E V V R L H G LP Q SIV S D R D -------------K L-------S-------------N RSL G N LL R Vitis vinifera CAN79321       
1 VSNFPWIDI SMDF I LGLPRTKYGKDS I FVVVDRFSKMARF I PCKKTNDASHVADLFVKEVVKLHGI PRTI VSDRDAKFLSHFWRI LWGKLGTKLLFSTSCHPQTDGQTEVVNRTLGNMLR Solanum demissum AAW28577     
1 VPSVPWEDI SMDFVLGLPRTKKGRDS I FVVVDRFSKMAHF I PCHKSDDAANVADLFFRE I I RLHGVPNTI VSDRDAKFLSHFWRCLWAKLGTKLLFSTTCHPQTDGQTEVVNRSLSTMLR Hordeum vulgare AAK94517      
1 VPSAPWEDI SMDFVLGLPRTRKGRDSVFVVVDRFSKMAHF I PCHKTDDATHI ADLFFRE I VRLHGVPNTI VSDRDAKFLSHFWRTLWAKLGTKLLFSTTCHPQTDGQTEVVNRTLSTMLR Zea mays AAM94350             
1 LSVELFDLW GIDFM GPFPNS-FGNVYILVAVEYMSK W VEAVACKTN-DNKVVVKFLKENIFARFGVPRAI ISDNGTHFCNRSFEALMRKYSITHKLSTPYHPQTSGQVEVTNRQIKQILE Asparagus officinalis ABD63142
1 LEVE I FDVWGI DFMGPF PS S - YGNKY I LVAVDYVSKWVEAI AS PTN-DARVVLKLFKT I I F PRFGVPR IMI SDGGKHF I NKVF ENLLKKHGVKHKVATPYHPQTSGQVE I SNRE I KAI LE Arabidopsis thaliana BAB10790 
121 I CVL EQGGTWDSHL P L I E F TYNNS YHS S I GMAP F EAL Y Medicago truncatula ABO81153  
121 ACVLDDRGSWDHVL P L I E F TYNNS FHT S I GMAP YQAL Y Cicer arientinum CAC44142     
121 ACA I DFQGSWEDQLDL I E F S YNNS YHAS I KMAP F EAL Y Beta vulgaris ABM55240        
121 ACVLDF GGSWDKNL PYAE F S YNNS YQAS LQMAP Y EAL Y Oryza sativa japonica ABA92233
121 ACALQYGT SWDK S L PYAE F S YNNS YQQS LKMAP F EAL Y Sorghum bicolor AAD22153      
121 ACALKHGR SWDK S L PYAE F S YNNS YQAS LKMAP F EAL Y Zea mays AAL59229             
120 CF TY EHPKGWVKAL PWAE FWYNTAYHMS LGMTP F RAL Y Glycine max AAO23078          
1 2 0CYTSQYPKN W AK WIYLAEFW YNSTTHTSIK MPPFKALY Primula vulgaris ABD78322     
88 C I VRDQL RKWDNXL PQAE F AFNS S TNRTTGY S P F EVAY Vitis vinifera CAN79321       
121 A I LKGKL T SWEDY L P I VE F AYNRTFHS S TGKTP F EVVY Solanum demissum AAW28577     
121 AVLKTNLKLWE ECL PHI E F AYNR S LHS TTKMCP F E I VY Hordeum vulgare AAK94517      
121 AVLKKNI KMWEDCL PHI E F AYNRS LHS TTKMCPFQI VY Zea mays AAM94350             
119KTVNHNRKD WSVKLCDALW AYRTAFKANLG MSPYRLVF Asparagus officinalis ABD63142
119 K I VGS TRKDWS AKLDDALWAYRTAF KTP I GTTP FNL L Y Arabidopsis thaliana BAB10790 
Figure 5: Amino acid residue alignment of the reverse transcriptase (top) and integrase (bottom) domains of SCHMIDT from Beta
vulgaris, with its active site boxed in, along with corresponding sections of other reverse transcriptase proteins from diﬀerent plants.
Amino acids matching the consensus sequence are shaded. Numbers indicate cumulative amino acid positions; Arabidopsis thaliana
(BAB10790), Asparagus oﬃcinalis (ABD63142), Beta vulgaris (ABM55240), Cicer arietinum (CAC44142), Glycine max (AAO23078),
Hordeum vulgare (AAK94517), Medicago truncatula (ABO81153), Oryza sativa japonica (ABA92233), Primula vulgaris (ABD78322),
Solanum demissum (AAW28577), Sorghum bicolor (AAD22153), Vitis vinifera (CAN79321), Zea mays (AAM94350), Zea mays
(AAL59229).
Medicagotruncatula ABO81153
Cicer arientinum CAC44142
Beta vulgaris CAC44142
Oryza sativa japonica ABA92233
Sorghum bicolor AAD22153
Zeamays AAL59229
Glycine max AAO23078
Primula vulgaris ABD78322
Vitis vinifera CAN79321
Solanum demissum AAW28577
Hordeum vulgare AAK94517
Zeamays AAM94350
Asparagus officinalis ABD63142
Arabidopsis thaliana BAB10790
Phytophthora infestans AAV92918
100
76
100
100
94
100
100
100
100
100
78
65
0.1
Figure 6: Similarity tree constructed by neighbor joining method of the reverse transcriptase domain of SCHMIDT from Beta vulgaris
along with corresponding domains of other reverse transcriptase proteins from diﬀerent plants. The numbers on the branches are bootstrap
(conﬁdence) values. Genbank accession numbers of amino acid sequences are given following plant names.International Journal of Plant Genomics 7
Table 1: Several LTR retrotransposons discovered within a TE nest, in addition to Coe1 [7], by LTR STRUC analysis of a sugarbeet genomic
BAC carrying NPR1.
Feature SCHULTE SCHMIDT Older LTR-RTR Coe1 [7]
Active site YVDDIIL FIDDILI SCDDVLL YVDDIIL
Length of RTR 10833bp 11565bp 5395bp (before two
TE insertions) 14531bp
Length of LTR 1372bp 2561bp 780bp 169bp
5  LTR-3  LTR Identity (%) 99.3% 100.0% 99.0% 96.4%
Number of open reading
frames (ORFs) 21 2 3
5  beginning and 3  end of
ﬂanking region (duplication) ATTTT CGCTC GCTTG CTACT
Class & domains present
Copia-like
Integrase and
RTase domains
All domains expected of
a complete Gypsy-like
retrotransposon
Putative RT domains
Coe1 [7], class II within a class
I, DNA transposase/Copia-like
RTase pseudogene
An older LTR retrotransposon, which had been in-
terrupted by subsequent insertions of SCHULTE and
SCHMIDT,b e c a m ee v i d e n t( Table 1)w h e nL T RSTRUC
analysis was performed on a sequence having an in sil-
ico deletion of the LTR retrotransposons SCHULTE and
SCHMIDT. Although very degraded and unclassiﬁable, the
older LTR retrotransposon was deduced to be 5395bp with
780bp LTRs sharing 99% identity.
In conclusion, the relatively small repetitive DNA
sequences previously described as “pDRVs” can now be seen
as a part of the LTRs of SCHMIDT-like retrotransposons.
Planned research will address possible eﬀects of retro-
transposons on the expression of core plant genes includ-
ing the NPR1 disease resistance-priming gene immediately
downstream of the LTR retrotransposon nest.
4. Conclusions
An LTR retrotransposon nest consisting of an older retroele-
ment into which both a gypsy-like SCHMIDT and a copia-
like SCHULTE inserted was identiﬁed, and properties of
the retrotransposons were described. Since LTR retrotrans-
posons are driving forces in plant genome evolution (see
reviews [1, 2]), they may have tremendous potential useful-
ness in genetic manipulation and genome modiﬁcation to
enhance agricultural proﬁtability and sustainability.
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